In this paper, we report on design oriented modelling for the optimization of reaction chamber geometry for silicon nanoparticle synthesis by inductively coupled thermal plasmas. A computational approach is adopted to describe plasma thermo-fluid dynamics, electromagnetic field, precursor trajectories and thermal histories. Nanoparticle nucleation and growth have been modelled using the method of moments and a nodal approach.
Introduction
In recent years the increasing demand for high-quality nano-sized materials has been fostering the research in production processes and radio-frequency induction thermal plasma (RF-ITP) technology has proven to be a viable means of nanoparticle synthesis, whose distinctive features are high energy density, high chemical reactivity, high process purity, large plasma volume and long residence time. Productivity, quality control and affordability are the main challenges still to be solved for this technology. Over the last few years, many studies have been directed towards RF-ITP nanoparticle synthesis optimization, intended for the production of nanoparticles of specific size and with a narrow particle size distribution (PSD). From this perspective, among the various parameters concurring in process optimization, quench gas injection is the most thoroughly investigated due to its strong influence on cooling rates inside the apparatus. However, it was proved that excess in quench flow rate might not be beneficial, since it can induce recirculating flow patterns that might trap particles and finally form aggregates.
In this paper, we report on design-oriented modelling of RF-ITP nanoparticle synthesis optimization, focusing on the maximization of the yield of the synthesis process of Si and on control of flow field patterns inside the reaction chamber. A computational approach is adopted to describe plasma thermo-fluid dynamics, electromagnetic fields, and precursor trajectories and thermal history. The evolution of nanoparticle population is modelled using the Method of Moments, which is characterized by a low computational effort, and using a nodal approach, which has no assumption on the shape of the PSD of nanoparticles at the expense of a higher computational cost. The nodal approach was initially proposed to accurately take into account the physical phenomena occurring during nanoparticle growth, but it was developed under a 1D framework, neglecting the effects of recirculating flow patterns on nanoparticle growth. Recently, a 2D nodal model has been developed by the Authors [1] and it has been applied in this work to a commercial RF plasma torch coupled with reaction chambers with different geometries, with the aim of highlighting the effects of flow patterns on the properties of the produced nanoparticles. Therefore, the issue of flow turbulence and recirculating patterns, responsible for material deposition on the walls and the consequent deterioration of process performance, is addressed. The effects of particular choices of chamber geometry on the process are studied and insights into the use of curtain gas injection to prevent powder deposition on the walls of the reaction chamber are given. The injection of a suitable gas along the walls of the reaction chamber at the axial position where the nanoparticle nucleation takes place is proven to be effective in increasing the synthesis process yield. Mass, momentum and energy equations are solved as shown in [4] , coupled with electromagnetic field equations solved in their vector potential form. Precursor trajectory and thermal histories have been modelled using a Lagrangian approach, with the final aim of calculating precursor evaporation. Precursor vapours have been tracked by means of an additional advection-diffusion equation for the vapour mass fraction, considering no influence of the vapours on the plasma properties. The nucleation, growth and transport of nanoparticles have been modelled using two methods for the solution of the General Dynamics Equation (GDE) for aerosols: the methods of Moments (MOM) and a nodal method.
Modelling approach
In MOM, the aerosol GDE is mathematically reformulated in order to obtain a system of equations that is easier to solve; the first three moments of the nanoparticle size distribution function are handled. The zero-th moment represents the total concentration of the generated nanoparticles, while the first moment corresponds to their total volume. Transport equations for the first three moments are solved, assuming a log-normal shape of the particle size distribution and including turbulent effects in the diffusion term of transport equations, as done in [4] . It has been shown that this method can be effectively used to estimated reaction chamber yield [5] .
In the nodal method, the nanoparticle size distribution function is discretized linearly on a logarithmic scale. The discretized GDE for the particle distribution N p at node n, modified to account for turbulent effects, then takes the form where is the velocity vector, is the particle concentration at node , is the total diffusion coefficient for particles at node , comprehensive of both the laminar and turbulent term, is the nucleation source term, is the coagulation net production rate, is the condensation source term [4] . The 2-D domain analysed in this work included a PL-35 Tekna plasma source and an axisymmetric reaction chamber with multiple gas injection points, schematically shown in Fig. 1 . Different reaction chamber geometries have been investigated (geometries 1-5), which are characterized by different diameters (D) and length (H) of the conical part, resulting in different cone aperture angles (see table 1 ). The origin of x-axis is located at the top of the reaction chamber. Working gases are supplied through three different inlet regions located in the head of the torch: carrier gas from the probe tip (6 slpm pure Argon), primary gas from the gap between the probe and the quartz tube (12 slpm pure Argon) and sheath gas from the inlet between the quartz and ceramic tubes (60 slpm Ar + 6 slpm H 2 ). Additional argon gas is supplied to the reaction chamber to influence the synthesis process: in cases A there is no curtain gas injection, whereas in cases B two injections of 130 slpm of Ar from Q1 and Q2 are considered. A no-slip boundary condition is applied on all the internal walls, while a 300 K temperature has been fixed at the external walls of the torch and the internal walls of the chamber. Fig. 1 Detail of the computational domain: torch region (left) and reaction chamber (right). Dimensions in mm.
The operating pressure has been fixed at 40 kPa. The electromagnetic field equations are solved in an enlarged domain extending 40 mm outside of the torch in the y-direction, using the extended field approach [3] . The coupled power has been set to 10 kW, which corresponds to typical lab-scale generator plate power of 18 kW. The precursor is set to be solid micrometric silicon characterized by a particle size distribution with mean diameter equal to 10 m and by a feed rate equal to 3.5 g/min. 
Results
The synthesis of silicon nanoparticle is strongly affected by reaction chamber geometry and by the injection of additional gases in the reaction chamber, resulting in changes of process yield and particle properties. From the cases investigated in this work it is possible to see that process yield, which has been obtained using the MOM approach, is greatly influenced by the injection of a curtain gas (results in table 1). Cases A have a lower yield due to nanoparticle diffusion to chamber walls, compared to cases B in which the injected curtain gas limits the radial diffusion of the nanoparticles and decreases their residence time in the chamber. Chamber geometry is a critical parameter to control the formation of recirculating flow patterns, as can be seen from stream function contours reported in figure 2 and 4 , which can transport nanoparticles to the upper part of the reaction chamber. By preventing the recirculating flow patterns with optimized reaction chamber geometry it is possible to obtain nanoparticles with increasing diameter for increasing axial position in the chamber, which might be useful to have a better control of nanoparticle properties at reaction chamber outlet.
In figures 3 and 5, the results for nanoparticles mean diameter obtained with the nodal method are reported for different cases. From the nanoparticle diameter fields it is possible to distinguish the spatial regions where nanoparticle nucleation occurs, characterized by a mean diameter close to few nanometers, and the regions where particles are growing by condensation and coagulation, in which the diameter may reach several tens of nanometers. In cases A1, A3-A4, B1 and B3-B5, nanoparticles are nucleated in the proximity of the reaction chamber walls and then transported downstream by gas convection. Case A2, A5 and B2 are characterized by a recirculating pattern that transports already grown nanoparticles to the upper part of the chamber. Fig. 3 Contours of nanoparticle mean diameter for cases without curtain gas injection. The particle size distribution (PSD) for nanoparticles on axial position at reaction chamber outlet, as predicted by the nodal method, is reported in figures 6 and 7. For cases A2 and B2, the PSD on axial position is strongly bi-modal, with a peak for a diameter of few nanometers, corresponding to particles nucleated in this position, and a second peak at few tens of nanometers, corresponding to already grown nanoparticles transported to the outlet by convection and diffusion. For other cases, the PSD at chamber outlet is mostly log-normal. 
Conclusions
A model for the silicon nanoparticle synthesis by inductively coupled thermal plasmas has been developed and applied to a laboratory scale system. A computational approach is adopted to describe plasma thermo-fluid dynamics, electromagnetic field, precursor evaporation and nanoparticle nucleation and growth. The latter has been modelled using the method of moments and a nodal method. The first can be effectively used to estimate reaction chamber yield, which is the amount of nanoparticles that is not deposited to the chamber walls, whereas the latter allows tracking the size distribution of nanoparticles without assumption on its shape. Different geometries of the chamber have been tested together with the use of a curtain gas, with a design-oriented approach. In order to control particle properties and to avoid recirculating flow patterns, reaction chamber geometry should be designed taking into account curtain gas injections, as they can strongly modify the flow patterns and in turn the properties of the synthetized nanoparticles.
